The present study was aimed at investigating the adverse effects of dietary zearalenone (ZEA) (1.1 to 3.2 mg/kg diet) on serum hormones, morphologic and apoptotic measurements of genital organs in post-weaning gilts. A total of twenty gilts (Landrace×Yorkshire×Duroc) weaned at 21 d with an average body weight of 10.36±1.21 kg were used in the study. Gilts were fed a basal diet with an addition of 0, 1.1, 2.0, or 3.2 mg/kg purified ZEA for 18 d ad libitum. Results showed that 3.2 mg/kg ZEA challenged gilts decreased (p<0.05) the serum levels of luteinizing hormone, however, serum levels of prolactin in gilts fed the diet containing 2.0 mg/kg ZEA or more were increased (p<0.05) compared to those in the control. Linear effects on all tested serum hormones except progesterone were observed as dietary ZEA levels increased (p<0.05). Gilts fed ZEA-contaminated diet showed increase (p<0.05) in genital organs size, hyperplasia of submucosal smooth muscles in the corpus uteri in a dose-dependent manner. However, the decreased numbers of follicles in the cortex and apoptotic cells in the ovarian were observed in gilts treated with ZEA in a dose-dependent manner. Degeneration and structural abnormalities of genital organs tissues were also observed in the gilts fed diet containing 1.1 mg/kg ZEA or more. Results suggested that dietary ZEA at 1.1 to 3.2 mg/kg can induce endocrine disturbance and damage genital organs in postweaning gilts.
INTRODUCTION
It has been previously reported that severe contamination of grain and feed with zearalenone (ZEA) occurs in numerous areas of the world (Chaytor et al., 2011) . The laggard harvest conditions of grain and the processing of edible oil significantly aggravated the contamination by fusarium in China, and the contamination levels of mycotoxins such as ZEA were much higher than those in other countries (Zhang et al., 1997) .
Pigs are the most sensitive species to ZEA (EFSA, 2004) , and the main toxicities of ZEA and its metabolites were caused by their activities of estrus hormones and anabolism (Etienne and Jemmali, 1982) . Zearalenone could induce hyperestrogenism in pigs, with typical clinical symptoms including swollen vulva (Alexopoulos, 2001 ), vaginal prolapsed (Blaney et al., 1984) , as well as reproductive disorders such as infertility, miscarriage and false estrus in sows (Etienne and Jemmali, 1982; Price et al., 1993) . Notwithstanding, the effects of ZEA on endocrine disturbance, morphology and apoptosis of reproductive organs had been well established in sows (Chang et al., 1979; Yang et al., 1994) , experimental animals (Milano et al., 1995; Kaliamurthy et al., 1997; Mitak et al., 2001 ) and cultured cells (Tiemann et al., 2003) . We found the manifest effect of ZEA on post-weaning piglets during clinical practice and therefore the studies were performed using post-weaning gilts. Several measurements of genital organs in document were induced by high ZEA concentrations, but such high levels of ZEA are not common in cereals used for animals (Zinedine et al., 2007) . Zearalenone levels used in the present study were based on our investigations in Shandong Province of China from June 2007 to May 2012 and recent literature (Zinedine et al., 2007; Jiang et al., 2011) . A 5-year survey program was initiated by our research group in order to evaluate the incidence of ZEA in feed and feed raw materials in Shandong Province of China. A total of 1,389 analyses were performed by the Asia Mycotoxin Analysis Center (Chaoyang University of Technology, Taichung, Taiwan). Results showed that the positive detection rate of ZEA reached 69.15%, the highest value of ZEA in compound feed samples was 4.33 mg/kg and the average value of ZEA in compound feed samples was 0.97 mg/kg. Whether ZEA at the level of 1.1 to 3.2 mg/kg will induce the structural abnormalities of genital organs of piglets and result in the damages of the subsequent reproductive ability or not remained to be confirmed. So, systematic information regarding the dose-effect relationship between ZEA (1.1 to 3.2 mg/kg) and its reproductive toxicity of weaned piglets is very necessary and significant.
Therefore, an experiment was conducted to examine whether or not feeding ZEA-contaminated (1.1 to 3.2 mg/kg) diet to post-weanling piglets will influence serum hormones, morphologic and apoptotic measurements of genital organs.
MATERIALS AND METHODS

Preparation of zearalenone contaminated diet
Purified ZEA (Fermentek, Jerusalem, Israel) was dissolved in acetic ether, and then poured onto talcum powder. A ZEA premix was prepared by blending ZEAcontaminated talcum powder with ZEA-free corn, which was subsequently mixed at the appropriate levels with a corn-soybean meal diet to create the experimental diets. All diets were prepared in one batch, and then stored in covered containers prior to feeding. A composite sample of each experimental diet was prepared for analysis of ZEA and other mycotoxins by the Asia Mycotoxin Analysis Center (Chaoyang University of Technology, Taichung, Taiwan) before and at the end of the feeding experiment. Deoxynivalenol (DON) was analyzed using high performance liquid chromatography. Enzyme linked immunosorbent assay and fluorometry techniques were used to measure ZEA, fumonisins (FUM), and aflatoxin (AFL) levels. The detection limits of these mycotoxins were 1 μg/kg for AFL, 0.1 mg/kg for ZEA, 0.25 mg/kg for FUM, and 0.1 mg/kg for DON, including 3-acetyl DON, 15-acetyl DON, and nivalenol.
Experimental design, female piglets and management
Animals used in all experiments were cared for in accordance with the guidelines for the care and use of laboratory animals described by the Animal Nutrition Research Institute of Shandong Agricultural University and the Ministry of Agriculture of China. A total of twenty postweaning female piglets (Landrace×Yorkshire×Duroc) with an average body weight of 10.36±1.21 kg were used in the study. Gilts were randomly allocated into four treatments after seven days of adaptation. Pigs were fed a basal diet (Table 1) supplemented with an addition of 0, 1, 2, or 3 mg/kg purified ZEA for 18 day. Analyzed ZEA contents were 0, 1.1±0.02, 2.0±0.01, and 3.2±0.02 mg/kg in the control and the three experimental diets, respectively. Aflatoxin, DON, and FUM were not detected in the test diets (Jiang et al., 2011) .
Diets used in the study were isocaloric and isonitrogenous with the only difference being ZEA level. All nutrient concentrations were formulated to meet or exceed minimal requirements according to the NRC (1998). Pigs were housed in cages equipped with one nipple drinker and one brick-shaped feeder in a temperature controlled room at Jinzhuyuan Farm (Yinan, Shandong, China). During the experimental period, the temperature in the nursery room was maintained between 26°C and 28°C. The mean relative humidity was approximately 65%. The gilts were fed ad libitum and allowed access to water freely through the entire experiment period.
Sample collection
Piglets were fasted for 12 h at the end of the experimental period. Proximally 10 mL blood samples were collected from the jugular vein of all animals into nonheparinized tube and incubated at 37°C for 2 h, centrifuged subsequently at 1,500×g for 10 min and the serum was stored in 1.5 mL Eppendorf tubes at -20°C for hormone analyses described below. After the collection of blood samples, piglets were immediately euthanized, and genital organs (ovary+cornu uteri+vagina-vestibule) were isolated, weighed, and gross lesions examined. Two samples of ovary and cornu uteri tissues from each pig were quickly collected and fixed promptly in 10% buffered formalin, one portions for morphologic evaluation, and the second for apoptotic measurements.
Determination of serum hormones
Serum content of testosterone, progesterone, estradiol, luteinizing hormone, follicle stimulating hormone (FSH) and prolactin was assayed by radioimmunoassay (RIA) using commercial RIA Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's protocol with SN-682RIA gamma counter (Shanghai Fuguang nuclear Photoelectric Instrument Co. Ltd., Shanghai, China). Hormone levels per piglet were determined in triplicate tubes to avoid inter-assay variation (Jiang et al., 2012) .
Morphologic tests
Ovary and cornu uteri tissues fixed in 10% buffered formalin were embedded in paraffin after routine processing. For general orientation the tissues were sectioned in pieces of 5 μm thickness and stained with hematoxylin and eosin for microscopy examination. Five slides with minimum of 20 fields of view from each piglet were randomly selected for evaluation using an optical microscope (Zeiss, Hallbergmoos, Germany).
Terminal-deoxynucleotidyl transferase mediated nick end labeling assay
To evaluate cell death by apoptosis, the In Situ Apoptosis Detection Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used according to the manufacturer's instructions. Briefly, dewaxed tissue sections were predigested with 20 mg/mL proteinase K for 20 min and then incubated in phosphatebuffered saline (PBS) containing 3% H 2 O 2 /methanol for 10 min. Following washing with PBS, tissues were permeabilized in 0.2% Triton X-100/PBS for 2 min at 4°C.
After 50 μL reaction buffer containing TdT enzyme (45 μL equilibration buffer+1 μL Biotin-11-dUTP+4 μL TdT Enzyme) was added, samples were moistly incubated under the coverslip at 37°C for 60 minutes, without TdT enzymes on the negative slide. Following all slides rinsing three times in PBS, 50 μL working solution containing Streptavidin-horseradish peroxidase (HRP) (0.5 μL Streptavidin-HRP+99.5 μL PBS) was added and all slides were moistly incubated under the coverslip at 37°C for 30 minutes. The samples were incubated for 10 min with 100 μL diaminobenzidine (DAB) substrate (5 μL 20% DAB+1 μL 30% H 2 O 2 +94 μL PBS) in the dark after rinsing in PBS three times, and then all slides were re-stained routinely with hematoxylin. At the end, the samples were mounted and analyzed under light microscope (Zeiss, Hallbergmoos, Germany), where the apoptotic cells could be seen as shrunken dark brown cells and the normal ones blue-purple. The calculation method used is as follows: apoptotic index (AI) = (number of apoptotic cells/total number of observed cells)×100%.
Statistical analyses
Data of serum hormones were subjected to analysis of variance using the general linear model procedure of SAS (2003) . The data were first analyzed as a completely randomized design with individual piglet as random factor to examine the overall effect of treatments. Orthogonal polynomial contrasts were then used to determine linear and quadratic responses to ZEA levels of treatments. The significance differences of serum hormones among treatments were tested using Duncan's multiple range tests. All statements of significance were based on the probability of p<0.05.
RESULTS
Serum hormones
Serum hormones were analyzed as an index of an endocrine disrupter of ZEA with effects on piglets ( Table 2) . 3.2 mg/kg ZEA challenged gilts had decreased (p<0.05) serum levels of luteinizing hormone, however, serum levels of prolactin in gilts fed the diet containing 2.0 mg/kg ZEA or more were increased (p<0.05) compared to those in the control. Linear effects on all tested serum hormones except progesterone and quadratic effects on serum luteinizing hormone and prolactin were observed as dietary ZEA levels increased (p<0.05).
Morphologic examination
Based on the observations after slaughter, the reproductive organs in the ZEA treatment groups, especially those in the treatment group with 3.2 mg/kg of ZEA, were shown to be significantly larger than those in the control group (Figure 1) .
In the control group, a large number of ovarian follicles at different developmental stages in the cortex were visible at low magnification. There were many primordial follicles (red arrows) and lesser primary growing follicles (blue arrows), but no mature follicles were observed (Figure 2 ). In the treatment group with 1.1 mg/kg of ZEA, the developing primordial follicles were observed in the cortex, oocytes became bigger and had a regular shape with oval or round, but no atretic follicle (green arrows) was present. The numbers of primordial follicles and primary growing follicles observed in the cortex were significantly lower in the treatment groups with 2.0 and 3.2 mg/kg of ZEA than those in the control group at low magnification. Oocytes of primordial follicle proceeded with atrophy or degeneration, and atresic follicles were observed at high magnification in 3.2 mg/kg ZEA treatment.
Changes of morphologic structure in the corpus uteri were reflected in the mucosal epithelium (red arrows), lamina propria (blue arrows) and muscular layer (green arrows) among all tested groups (Figure 3 ). The mucosal epithelium was composed of simple columnar epithelium in both control and the 1.1 mg/kg ZEA treatment, but thicker lamina propria was observed in the 1.1 mg/kg ZEA treatment than those in the control. The mucosal epithelium became stratified epithelium in both 2.0 and 3.2 mg/kg ZEA treatment, and the thickness of lamina propria was increased in dose-dependent manner. Obvious changes in the muscular layer were also reflected by significantly increased smooth muscle bundles (green arrows) in both 2.0 and 3.2 mg/kg ZEA treatment.
Apoptotic examination
In the observations of ovarian apoptosis, a large number of apoptotic cells (brown, AI = 60% to 85%) in granulosa were visible at high magnification in the control group. The apoptotic cells in the treatment group with 1.1 mg/kg of ZEA (AI = 20% to 35%) were significantly fewer in number than those in the control group, while a large number of normal cells (blue-purple, AI = 0) were visible in the treatment groups with 2.2 mg/kg and 3.2 mg/kg of ZEA, without apoptotic cells (Figure 4) .
No apoptotic cells in granulosa were found in the corpus uteri at high magnification in both control and the ZEA treatment groups (data not shown).
DISCUSSION
The similar growth rate, feed intake, and feed efficiency of the piglets among all the treatments indicated that gilts within a treatment likely consumed a similar amount of ZEA, and that differences obtained among treatments were likely attributable to the different concentrations of ZEA in the diet (Jiang et al., 2011) . Success in observing the effect of ZEA-contaminated diets on serum hormones, changes of morphologic structure of genital organs, and anti-apoptotic effect on ovarian granulosa cells in the current study may be very significant. ZEA could interfere with the synthesis and metabolism of steroid hormones by interacting with estrogen receptors in testis (LeBlanc et al., 1997) , which played the role of transcription factor in cell growth, proliferation and differentiation. Due to the activation of estradiol receptors, mycotoxins with an estrus effect interfered with normal hormonal signals, resulting in endocrine disturbance (Mueller et al., 2004) . ZEA caused the disruption of the hypothalamic-pituitary-ovarian axis (Rainey et al., 1990) , as well as suppressed the secretion of FSH in the ovaries (Silva et al., 2004) , which was consistent with the results that the serum FSH level decreased linearly with the increase in dietary ZEA in the present study. After 70-dayold male rats were fed a diet containing ZEA (20 mg/kg of body weight/d) for five weeks, serum prolactin levels increased significantly (Milano et al., 1995) , which was also consistent with the results in the present study. Kaliamurthy et al. (1997) reported that the mature male rats (Wistar strain) showed a significant decrease in serum testosterone level after being fed a diet containing ZEA (0.25 mg/kg of body weight/d) by means of gastric intubation. Yang et al. (2007) indicated that ZEA and α-zearalenol (10 -4 M, 10 -6 M, and 10 -8 M) significantly inhibited human chorionic gonadotropin-induced testosterone secretion, and this Figure 2 . Effects of different levels of zearalenone on photomicrographs of hematoxylin and eosin stained ovary sections of gilts. Zearalenone was not detectable in control diet; ZEA1, ZEA2, or ZEA3 represents control diet with addition of 1.1, 2.0, or 3.2 mg/kg ZEA, respectively. Red, blue or green arrows represent the primordial follicle, primary growth follicles or atresic follicle, respectively. ZEA, zearalenone.
inhibition was associated with the decreased transcription of 3β-hydroxy-steroid dehydrogenase, cytochrome P450 side chain cleavage enzymes, and steroidogenic acute regulatory proteins. Minervini et al. (2001) showed that ZEA, α-zearalenol, and zearalanol (0.3 to 30 μg/mL) altered the 17β-estradiol level in the in vitro culture supernatant of bovine oocytes with dose-dependence. It had also been found that, as a competitive substrate for the enzymes involved in the synthesis and metabolism of steroids, ZEA caused endocrine disturbance; in addition, α-and β-zearalenol affected progesterone synthesis in cultured porcine granulosa cells (Tiemann et al., 2003) . Based on the above studies, it was suggested that the effects of ZEA on endocrine depend on sex, age and dose. Nevertheless, the positive effect of ZEA on serum hormones in the present study further demonstrated the estrogen effect of ZEA.
ZEA and α-zearalenol could competitively bind to 17β-estradiol, inducing hyperestrogenism (Yang et al., 1994; Alexopoulos, 2001 ) and subsequently activating gene expression of nuclear RNA polymerase I and II, and the synthesis of new proteins (Ueno, 1991) , thus causing germ cell proliferation and ultimately resulting in swollen vulva and enlarged uterus as in the present study. Atrophic or degenerative ovarian follicles, uterine atrophy, pyometra and endometritis were found in minks with ZEA feeding (20 mg/kg) by histopathological examination of reproductive tract (Yang et al., 1994) . Wasowicz et al. (2005) reported that atretic follicles in the ovarian cortex of prepubertal gilts were observed in the treatment with 40 μg ZEA/kg body weight. Jiang et al. (2010) demonstrated that a dose of ZEA at 1.3 mg/kg was capable of causing inflammation and allergies in the ovary of post-weaning Figure 3 . Effects of different levels of zearalenone on photomicrographs of hematoxylin and eosin stained corpus uteri sections of gilts. Zearalenone was not detectable in control diet; ZEA1, ZEA2, or ZEA3 represents control diet with addition of 1.1, 2.0, or 3.2 mg/kg ZEA, respectively. Red, blue or green arrows represent the mucosal epithelium, lamina propria or muscular layer, respectively. ZEA, zearalenone.
gilts. Vulva size and the relative weight of genital organs increased linearly over the 18 d feeding in gilts fed diets containing 1.1 mg/kg ZEA or greater compared with the control (Jiang et al., 2011) . In the present study, ZEA at the level of 1.1 mg/kg stimulated follicular development. Numerous remnant of atresic follicles were observed in cortex in the treatment groups with 2.0 and 3.2 mg/kg ZEA, and the reason was that the ZEA at the level of 2.0 and 3.2 mg/kg caused the rapid development of primordial follicles and the formation of atresic follicle in a short time, so as no ovarian follicle was visible. ZEA could affect uterine development and alter the morphological structure of uterine tissues by reducing the secretion of luteinizing hormones and progesterone (Etienne and Dourmad, 1994) . But whether ZEA at the level of 1.1 mg/kg early consumed the ovarian follicle and resulted in the damages of the following reproductive ability or not remains to be confirmed. So, the mechanism of the above presumption needs to be validated in a following study.
In a series of recent studies, it had been reported that ZEA had a proliferative effect on uterine cells in female piglets, but interfered with the development and maturation of ovarian follicles, and with follicular atresia and granulosa cell apoptosis (Obremski et al., 2003; Zwierzchowski et al., 2005) . The decreased numbers of apoptotic granulosa cells in the ovary were observed in gilts treated with ZEA in a dose-dependent manner in the present study. These findings suggested that 1.1 to 3.2 mg/kg of ZEA have an antiapoptotic effect on ovarian granulosa cells. Wasowicz et al. (2005) demonstrated that the apoptotic signal was detected Figure 4 . Effects of different levels of zearalenone on apoptotic photomicrographs of ovary sections of gilts (diaminobenzidine and hematoxylin, 400× original magnification). Zearalenone was not detectable in control diet; ZEA1, ZEA2, or ZEA3 represents control diet with addition of 1.1, 2.0, or 3.2 mg/kg ZEA, respectively. The apoptotic cell was brown (green arrows) and the normal cell was bluepurple (red arrows). ZEA, zearalenone.
in the granular layer of the cystic ovarian follicles in the control and treatment with ZEA at the level of 20 μg/kg of body weight/d, but not in the treatment with ZEA at the level of 40 μg/kg of body weight/d, which was consistent with the results of the present study. Yu et al. (2005) indicated that ZEA-mediated anti-apoptotic effect was resultant of the fact that ZEA up-regulated the expression of anti-apoptotic gene Bcl-2, while down-regulated the expression of pro-apoptotic gene Bak in the levels of protein and mRNA. No anti-apoptotic effect on uterine cells by ZEA treated suggested that the expression of antiapoptotic gene Bcl-2 in the uterus might be significantly lesser than those in the ovary, which needs to be verified further. This presumption was consistent with smooth muscle hyperplasia seen in the tissue section of the corpus uteri. However, Gajęcka et al. (2011) showed that immature gilts fed with ZEA at the level of 20 μg/kg body weight lowered the proliferative ability of granulosa cells in the ovarian follicle walls. The above results indicated that the effects of ZEA on reproductive organs were associated with the test method, experimental material, organ type and dose of ZEA. However, the relationship of the anti-apoptotic and serum hormones levels caused by ZEA needs to be verified further.
CONCLUSION
The current study demonstrated that ZEA feeding at 1.1 to 3.2 mg/kg for 18 d induced different degrees of toxicity in genital organs of post-weaning gilts as indicated by the changes in serum hormones, morphologic and apoptotic examinations tested in this study. Mostly the parameters were linearly affected as dietary ZEA concentrations increased. The study further showed that there may be another pathway of apoptosis for the toxicity to occur in the genital organs of gilts fed ZEA contaminated feeds. More cellular and molecular studies are needed to understand ZEA biological mode of actions and the toxicity of ZEA thoroughly.
